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INTRODUCTION

Over the past decades, we have observed a rapid increase in the
number of antibiotic-resistant clinical isolates, together with

the low rate of development and introduction of new antimicro-
bials. This combination represents a serious threat to human
medicine, as we could one day be left unarmed against bacterial
pathogens. The result of this would be increases in morbidity and
mortality rates associated with infectious diseases that could reach
levels akin to those seen prior to the antibiotic era. The extraordi-
nary ability of microbes to acquire antibiotic resistance is easier to
understand when analyzed from an evolutionary perspective.
Thus, while the use of antibiotics as therapeutics started less than
70 years ago, bacterial resistance mechanisms have been coevolv-
ing with natural antimicrobial compounds for billions of years, as
recent studies of the evolution of �-lactamases clearly demon-
strated (69, 81). Despite this, the spread of resistance was limited
because resistant strains are often less virulent and, consequently,
less competitive than the sensitive strains from which they origi-
nated in the absence of selective pressure. However, since the in-
troduction of antibiotics into the clinic, this pressure has dramat-
ically escalated, resulting in a considerable acceleration of the
evolution and spread of resistance markers in bacteria. This is
particularly concerning due to the fact that, once acquired, resis-
tance to antimicrobials is lost at a fairly slow pace (121). Indeed,
low levels of resistance will persist in the population for some time
even after the removal of a specific antibiotic from the market and
rapidly return to prior levels if the antibiotic is reintroduced.

The emergence of drug resistance in the clinical environment
has been a constant threat since the beginning of the antibiotic era.
For example, penicillin-resistant strains of Staphylococcus aureus
were already isolated in 1944, just 2 years after the introduction of
this antibiotic in the market (106). A similar trend has been ob-

served for practically all antibiotics developed to date, with resis-
tance observed before or shortly after first clinical use and a grad-
ual increase in the proportion of resistant isolates over time.
Initially, resistance typically affected a single antibiotic or antibi-
otic class. However, this changed with the phenomenon of multi-
resistance, which was first observed in enterobacteria during the
late 1950s and has been spreading ever since (121). The situation
has now become so critical that a number of microorganisms,
known popularly as superbugs, are resistant to most antibacterial
agents currently available, thereby representing a severe therapeu-
tic challenge.

There are three principal types of antibiotic resistance, namely,
intrinsic, acquired, and adaptive. Intrinsic resistance comprises all
of the inherent properties provided by the characteristics of a par-
ticular microorganism that limit the action of antimicrobials. A
good example is the possession of a semipermeable outer mem-
brane with low permeability, as is the case for the Gram-negative
pathogens Pseudomonas aeruginosa and Acinetobacter baumannii
or the constitutive efflux pumps observed in many bacteria. The
second type is acquired resistance, in which an originally suscep-
tible microbe can become resistant either by incorporating new
genetic material (plasmids, transposons, integrons, and naked
DNA, etc.) or as a result of mutations. Although some mutational
events may result in a large increase in the MIC, termed here
breakthrough resistance, when it takes organisms from clinically
susceptible to clinically resistant, more frequently, they confer
low-level resistance. These small changes in the MIC are hard to
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detect and are often missed during the analysis of clinical isolates;
therefore, we have insufficient information on their occurrence in
the clinic. Despite this, a growing number of authors believe that
low-level resistance might play a decisive role in the gradual in-
crease in global resistance, in particular in the creeping up over
time of the baseline MICs (effectively, the concentration of the
average “susceptible” organism) (13, 59). Indeed, there is labora-
tory evidence that the accumulation of independent mutations
with a low impact on antibiotic susceptibility can lead to high-
level resistance in a stepwise manner. For instance, El’Garch et al.
(57) showed an additive effect of mutations in the genes galU,
nuoG, mexZ, and rplY on the resistance of P. aeruginosa to the
aminoglycoside tobramycin, whereby the individual mutations
caused only 2-fold resistance but the quadruple mutant was 16-
fold more resistant. Finally, there is adaptive resistance, a relatively
unexplored area that involves a temporary increase in the ability of
a bacterium to survive an antibiotic insult due to alterations in
gene and/or protein expression as a result of exposure to an envi-
ronmental trigger, e.g., stress, nutrient conditions, growth state,
and subinhibitory levels of the antibiotics themselves. In contrast
to intrinsic and acquired resistance mechanisms, which are stable
and can be transmitted vertically to subsequent generations, adap-
tive resistance has a transient nature and usually reverts upon the
removal of the inducing condition.

The mechanisms of bacterial resistance to antimicrobials are
extraordinarily diverse and can be specific, whereby the primary
role in the cell is to resist the action of toxic compounds, or non-
specific, in which the resistance factor is a component of other
cellular functions but also exerts a protective effect against antibi-
otics. A major mechanism of resistance involves the inactivation
of the antimicrobial by enzymes such as �-lactamases or amino-
glycoside-modifying enzymes. Also, resistance can be achieved
through mutations that affect the intracellular target for a given
antimicrobial drug. Even if the antibiotic reaches the intracellular
milieu and there are no changes in target affinity, bacteria can
enhance their resistance by actively expelling the antibiotic out of
the cells in a process termed efflux. Another mechanism is the
reduced entry of the antibiotic into the bacterial cell due to mod-
ifications of the cell surface that limit interactions with the drug, as
is the case for lipid A modifications, or reduce the number of entry
channels, like porins. Even in the absence of permeability changes,
the generally restricted uptake of antibiotics through the semiper-
meable outer membrane acts in synergy with other resistance
mechanisms such as enzymatic degradation and efflux. This re-
view focuses on the participation of porins and efflux pumps in
antimicrobial resistance, and thus, we describe these mechanisms
in greater detail.

Structure and Function of Porins

Bacterial membranes constitute a selective permeability barrier
that can effectively offer protection from harmful compounds in
the extracellular environment while providing sufficient nutrients
to the cell (108). To enable the uptake of these nutrients through
their membranes, bacteria have evolved various mechanisms. One
of these mechanisms is the formation of water-filled pores that
extend across the membrane and facilitate the uptake of hydro-
philic compounds up to a certain size exclusion limit. The proteins
that form these channels are called porins and were first charac-
terized in 1976 for Escherichia coli (173). Since then, porins have
been identified in both Gram-negative bacteria and mycobacteria

and have been found to participate in a wide array of functions.
Porins are located in the outer membrane (or the waxy outer layer
of mycobacteria) and provide a sieving function whereby the
outer membrane is generally permeable to hydrophilic com-
pounds below a specific exclusion limit that varies from organism
to organism and is determined by the diameter of the channels
present in each individual organism.

The structure of porins is remarkably distinct among mem-
brane proteins. Thus, in addition to lacking a classic hydrophobic
region, they consist of transmembrane antiparallel �-strands with
alternating hydrophobic amino acids (facing outwards) and hy-
drophilic amino acids (facing inwards) assembled into distinctive
�-barrels rather than hydrophobic �-helices, which are more of-
ten found in proteins located in the cytoplasmic membrane. There
are several classes of porins, including the so-called general porins,
which are involved in determining the permeability barrier, as well
as more specific porins that enable the uptake of specific substrates
(e.g., LamB, which is involved in the uptake of maltose and malto-
dextrins) and the iron-regulated outer membrane proteins
(OMPs), which engage a cytoplasmic membrane energization sys-
tem to enable the specific uptake of relatively rare iron complexes
with secreted bacterial siderophores (e.g., the ferric enterochelin
channel FepA). We will largely describe the general porins, since
they are most pertinent to the issue of antibacterial susceptibility
and resistance.

The amphipathic �-barrels of porins are connected by short
periplasmic turns and by (usually longer) extracellular loops,
which are generally surface exposed. Specific loops, e.g., the third
loop (L3) of the general porins, bend into the channel at approx-
imately half the height of the pore. Together with hydrophilic
amino acids from several �-strands, this creates a constriction
zone with an electrostatic field, created by acidic residues in loop 3
and basic residues in the opposite �-strand, which plays an im-
portant role in the selectivity of the pore for the size and charge of
permeating molecules (108). The �-strand domains are very vari-
able in sequence (although conserved in any given porin among
individual strains) but are a definitive feature of porins and are
highly relevant in determining the exceptional stability of these
proteins, e.g., to proteases and even heating in the potent deter-
gent sodium dodecyl sulfate (1). In contrast, the domains located
in the cell surface show a much lower level of conservation from
strain to strain, a feature that has been assumed to constitute a
mechanism to evade adaptive immune responses. Although some
porins have a monomeric structure, others are organized into
trimers (108). For instance, in E. coli, OmpA and OmpF are ex-
amples of a monomeric porin and a trimeric porin, respectively.

The predominant function of the general porins, e.g., OmpF
and PhoE of E. coli, is to create a size-selective defined channel for
the diffusion of hydrophilic molecules with some preference for
molecules with charges opposite those of the amino acids lining
the channels. The levels of porins in the bacterial cell can be fairly
high, up to 106 copies per cell (1), although by regulating the
expression of porins in response to environmental stimuli, cells
can to some extent control the permeability of their membrane to
solutes. Porins tend to have exclusion limits approaching the size
of many antibiotics, and thus, they tend to limit the rate of diffu-
sion of these molecules, contributing in this way to intrinsic resis-
tance. In addition, we now know that the roles of porins are quite
diverse and include acting as receptors for bacteriocins, bacterio-
phages, and elements of the immune system, including antibodies,
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interferons, and epithelial cells. Here, we focus on the function of
porins in antibiotic susceptibility and resistance and their rele-
vance in the clinical context. Table 1 shows several examples of
porins that have been related directly to antibiotic resistance.

Efflux Systems in Bacteria

To prevent the intracellular accumulation of toxic compounds,
bacteria have evolved energy-dependent systems to pump such
molecules out of the cell in a process that does not involve the
alteration or degradation of the drugs. The presence of a mecha-
nism that decreased the accumulation of tetracycline in E. coli was
already identified in 1978 by Levy and McMurry (122). Two years
later, Ball et al. (11) and McMurry et al. (160) revealed that resis-
tance to tetracycline was due to increased efflux and not to re-
duced influx, as initially suggested. The resistance determinant
was identified as a plasmid-borne gene encoding an inner mem-
brane protein. Subsequently, a 3-component efflux pump was dis-
covered to have a major role in the intrinsic resistance of Pseu-
domonas (201). Now, there are numerous examples of efflux
systems that have been characterized as being involved in antibi-
otic resistance in both Gram-negative and Gram-positive bacteria
(Tables 2 and 3). Indeed, genomic analyses indicated that efflux
pumps constitute between 6 and 18% of all transporters present in
any given bacterial species (198). However, it must be noted that
efflux pumps represent a greater threat with regard to antibiotic
resistance in those microorganisms that couple efflux with a low-
permeability cell envelope, as is the case for Gram-negative bacte-
ria and mycobacteria, due to the existence of synergy between
these two resistance strategies. Furthermore, it is now considered
that efflux is highly involved in acquired clinical resistance to an-
timicrobials. In particular, drug export has been related to multi-

drug resistance (MDR), since most efflux systems can transport
multiple substrates despite certain examples of drug-specific
pumps (178). Generally, the specific efflux pumps are harbored on
mobile elements, like the above-mentioned tetracycline pump of
E. coli, which can facilitate the horizontal transmission of resis-
tance (27). In contrast, most multiresistance systems are chromo-
somally encoded.

Efflux pumps may consist of a single or multiple components.
Efflux systems in Gram-positive bacteria always comprise a single
polypeptide located in the cytoplasmic membrane. However, in
Gram-negative bacteria, many pumps have a tripartite organiza-
tion and consist of inner membrane and outer membrane com-
ponents as well as a membrane fusion protein (MFP) situated in
the periplasm. Efflux pumps can be divided into two main classes:
ATP-binding cassette (ABC) transporters and secondary multi-
drug transporters. The major difference between the two classes is
the source of the energy required for the transport. Thus, the
ABC-type systems use the energy derived from ATP hydrolysis,
whereas secondary transporters utilize proton motive force. Sec-
ondary multidrug transporters, which include the majority of clini-
cally relevant efflux systems, can be subdivided into four superfami-
lies based primarily on homology at the levels of primary and
secondary structures. These superfamilies are the major facilitator
superfamily (MFS), the small multidrug resistance (SMR) family,
the multidrug and toxic compound extrusion (MATE) fam-
ily, and the resistance-nodulation-cell division (RND) superfam-
ily. The inner membrane components of these four types of trans-
porters share the greatest homology in their amino-terminal
halves, which has led some authors to hypothesize that this is the
part of the protein responsible for proton translocation (76, 214).

TABLE 1 Examples of porins related to antibiotic resistance in different species

Species Porin Antibiotic(s) Reference(s)

Pseudomonas aeruginosa OprD Carbapenems 12, 140

Escherichia coli OmpC �-Lactams 99
OmpF �-Lactams 99

Serratia marcescens OmpF �-Lactams 237, 258
OmpC �-Lactams 258

Klebsiella pneumoniae OmpK35 Cephalosporins, carbapenems, fluoroquinolones, and chloramphenicol 35, 53, 54
OmpK36 Carbapenems 54, 231

Enterobacter cloacae OmpF Carbapenems 54

Enterobacter aerogenes OmpC Carbapenems 235
OmpF Carbapenems 235
Omp36 Imipenem, cefepime, and cefpirome 241

Klebsiella oxytoca OmpK36 Carbapenems 36

Neisseria gonorrhoeae PIB �-Lactams, tetracycline, and fluoroquinolones 73

Salmonella enterica OmpC Cephalosporins 161
OmpF Chloramphenicol and imipenem 9, 243

Vibrio cholerae OmpU Cephalosporins 193

Acinetobacter baumannii CarO Carbapenems 130

Porins and Efflux Pumps
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TABLE 2 Examples of non-RND efflux systems involved in the antibiotic resistance of different pathogens

Family Species Pumpa Regulator(s) Antibiotic resistance tob: Reference(s)

ABC E. coli McbEF* EmrR (MprA) FQ 70, 136
E. coli MacAB-TolC ML 107
E. faecalis EfrAB FQ, TC 120
E. faecium MsrC ML 229
M. tuberculosis Rv0194 AP, EM, NB, VM 47
M. tuberculosis Rv1258C (Tap) FQ, RF, TC 227
M. tuberculosis Rv2686c-Rv2688c FQ 196
N. gonorrhoeae MacAB ML 215
S. aureus AbcA MgrA, NorG BL 246
S. epidermidis MsrA* EM, SG 213
S. maltophilia Smlt2642-Smlt2643 ML 43
S. maltophilia Smlt1537-Smlt1539 ML 43
S. marcescens SmdAB NF, TC 156
S. pneumoniae PatA, PatB FQ 150
S. pneumoniae SP2073-SP2075 FQ, NB 211
S. Typhimurium MacAB EM 182
V. cholerae VcaM FQ, TC 98

SMR A. baumannii AbeS CM, FQ, EM, NB 233
M. smegmatis Mmr FQ 128
S. marcescens SsmE NF 163

MFS A. baumannii TetA TC 253
A. baumannii TetB TC and minocycline 253
A. baumannii CmlA CM 253
Bordetella bronchiseptica CmlB1 CM 103
Clostridium difficile Cme EM 118
E. aerogenes QepA* FQ 195
E. faecium EfmA FQ 184
E. coli Mef(B)* ML 133
E. coli QepA*, QepA2* FQ 30, 265
E. coli EmrB EmrR (MprA) NA 26
E. coli MdfA (CmlA/Cmr) AG, CM, EM, FQ, RF, TC 181
Listeria monocytogenes Lde FQ 75
M. smegmatis LfrA LfrR FQ 128
S. Typhimurium EmrAB NA, NB 182
S. Typhimurium MdfA CM, NF, TC 182
S. marcescens SmfY NF 225
S. aureus LmrS TM, CM 62
S. aureus NorA FQ 249
S. aureus NorB MgrA, NorG FQ 245
S. aureus NorC MgrA FQ 247
S. aureus MdeA FU, NB 97
S. aureus SdrM NF 263
S. aureus Tet38 MgrA TC 245
S. maltophilia Smlt0032 ML 43
Streptococcus pyogenes MefA ML 39
V. cholerae VceCAB CM, EM, NA 40

MATE A. baumannii AbeM FQ, AG 236
E. cloacae EmmdR FQ, TM 86
E. coli NorE FQ 266
E. coli YdhE AG, NF, CI 166
N. gonorrhoeae NorM CC 216
N. meningitidis NorM CC 216
S. Typhimurium MdtK NF 182
S. aureus MepA MepR FQ, TI 159
V. cholerae NorM AG, FQ 228
V. cholerae VcmB, VcmD, VcmH, VcmN AG, FQ 21
V. parahaemolyticus NorM AG, NF, CI 166

a An asterisk means that the pump-encoding genes are plasmid borne; alternative names for the pumps are in parentheses.
b Not all known substrates of the efflux pumps are included, only antibiotics. AG, aminoglycosides; AP, ampicillin; BL, �-lactams; CC, cationic compounds; CI, ciprofloxacin; CM,
chloramphenicol; CL, clindamycin; CP, cephalosporins; EM, erythromycin; FQ, fluoroquinolones; ML, macrolides; NA, nalidixic acid; NB, novobiocin; NF, norfloxacin; RF,
rifampin; SG, streptogramin B; SM, sulfamethoxazole; TC, tetracycline; TI, tigecycline; TM, trimethoprim; VM, vancomycin.
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In turn, the more variable carboxy-terminal halves of these pro-
teins have been proposed to determine substrate specificity.

The ABC family includes transporters involved in both uptake
and efflux, and these transporters can transport a wide range of
substrates, including sugars, amino acids, ions, drugs, polysaccha-
rides, and proteins. These systems consist of transmembrane and
nucleotide binding domains, which can be in the same or in separate
proteins (167). The permeases, which form a pore across the cyto-
plasmic membrane, usually have 6 transmembrane regions, and they
tend to be associated in dimers. There are quite a few transporters of
this kind involved in antibiotic resistance (Table 2), including the
recently identified MacAB pump involved in macrolide-specific re-
sistance in E. coli (107).

Members of the SMR family are, as the name indicates, small
proteins of approximately 107 to 110 residues. Each one of these
proteins contains 4 transmembrane segments, and they generally

form tetramers in the cytoplasmic membrane. The number of
SMR transporters related to antibiotic resistance is fairly small
(Table 2). Examples of proteins from this group are EmrE of E. coli
and AbeS of A. baumannii (233, 251).

The ancient MFS superfamily comprises a large number of pro-
teins and is the most diverse family among the secondary trans-
porters. Its members can carry out uniport (the transport of sub-
strate without coupled ion movement), symport (coupled to ion
movement in the same direction), or antiport (coupled to ion
movement in the opposite direction) functions (148). The MFS
proteins may have either 12 or 14 transmembrane regions (197).
All MFS transporters involved in antibiotic efflux are drug/proton
(H�) antiporters (DHAs) and they can be divided into 3 subfam-
ilies: DHA1, DHA2, and DHA3. The first two subfamilies can
extrude different types of drugs, and they exist in both eukaryotes
and prokaryotes. In contrast, DHA3 is specialized in the extrusion

TABLE 3 Examples of RND efflux systems involved in the antibiotic resistance of different pathogens

Species Pump Regulator(s) Antibiotic resistance toa: Reference(s)

A. baumannii AdeABC AdeT, AdeRS AG, BL, CM, EM, TC, FQ 144
A. baumannii AdeFGH AdeL FQ, TC, TI, CM, CL, TM, SM 42
A. baumannii AdeIJK BL, CM, EM, FQ, FU, NB, RF, TC, TM 46
Aeromonas hydrophila AheABC AheR BL, EM, FU, TC, TM 90
Burkholderia cenocepacia CeoAB-OpcM CeoR CM, FQ, TM 172
Burkholderia pseudomallei AmrAB-OprA AmrR AG, ML 165
B. pseudomallei BpeAB-OprB BpeR AG, ML 31, 32
B. pseudomallei BpeEF-OprC BpeT CM, TC 112
C. jejuni CmeABC AP, CM, CT, EM, FQ, TC 3, 131
E. aerogenes AcrAB-TolC AcrR CM, FQ, NB, TC 203
E. aerogenes EefABC CM, CI, EM, TC 154
E. cloacae AcrAB-TolC AG, BL, CM, FQ, EM, TC, TI 199
E. coli AcrAB-TolC AcrR, MarA, RobA, SoxS, MarR, SdiA BL, NB, EM (ML), CM, TC, FQ 63, 142
E. coli AcrAD-TolC AG, FU, NB 212
E. coli AcrEF-TolC AcrS BL, NB, EM (ML), CM, TC, FQ 143
E. coli MdtABC-TolC BaeSR NB 14, 170
E. coli YhiUV-TolC EvaAS NB 183
H. influenzae AcrAB-TolC RF, EM, NB 221
K. pneumoniae AcrAB AcrR FQ 158
N. gonorrhoeae MtrCDE MtrR, MtrA AZ, ML, RF, PN, CI 80, 139
P. aeruginosa MexAB-OprM MexR, PA3574, ArmR AG, BL, CM, ML, NB, TC, TM 126, 201, 202
P. aeruginosa MexCD-OprJ NfxB CM, CP, FQ, TC, 200
P. aeruginosa MexEF-OprN MexT CM, FQ 110
P. aeruginosa MexXY (AmrAB) MexZ (AmrR) AG, FQ, ML, TC, zwitterionic BL, TI 2, 164, 259
P. aeruginosa MexJK-OprM MexL AG, CI, EM, TC 38
P. aeruginosa MexVW-OprM CM, RM, FQ, TC 124
Proteus mirabilis AcrAB-TolC AP, CI, CM, TC, TI, TM 254
S. marcescens SdeAB CM, FQ 113, 114
S. marcescens SdeCDE NB 20
S. marcescens SdeXY FQ, TC 34
S. maltophilia SmeDEF SmeT EM, FQ, TC 7, 270
S. maltophilia SmeABC SmeRS AG, BL, FQ 129
S. maltophilia SmeIJK AG, CI, TC 43
S. maltophilia SmeYZ Smlt2199-2130 AG 43
S. Typhimurium AcrAB AcrR BL, CM, FQ, NB, EM, RF, TC 115, 177
S. Typhimurium MdtABC NB 182
S. Typhimurium MsdABC/TolC NB 182
V. cholerae VexAB-TolC EM, NB, PO 22
V. cholerae VexEF-TolC EM, NF, NB, TC, TM 205
a Not all known substrates of the efflux pumps are included, only antibiotics. AG, aminoglycosides; AP, ampicillin; AZ, azithromycin; BL, �-lactams; CC, cationic compounds; CI,
ciprofloxacin; CM, chloramphenicol; CL, clindamycin; CP, cephalosporins; CT, cefotaxime; EM, erythromycin; FQ, fluoroquinolones; FU, fusidic acid; ML, macrolides; NA,
nalidixic acid; NB, novobiocin; NF, norfloxacin; PN, penicillin; PO, polymyxin B; RF, rifampin; SM, sulfamethoxazole; TC, tetracycline; TI, tigecycline; TM, trimethoprim; VM,
vancomycin.
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of antibiotics, such as macrolides and tetracycline, and can be
found only in bacteria, both Gram negative and Gram positive.
Examples of the three subfamilies are Bmr of Bacillus subtilis
(176), QacA of S. aureus (239), and MefA of Streptococcus pyogenes
(39), respectively.

Proteins from the MATE family share a similar topology with
proteins of the MFS. However, they constitute a different group
due to the low level of homology at the amino acid sequence level.
These proteins have 12 transmembrane regions and use sodium
gradients to carry out the export of toxic compounds like fluoro-
quinolones, aminoglycosides, and cationic dyes. Members of this
family include NorM of Vibrio parahaemolyticus and YdhE, its E.
coli homolog (166), among others (Table 2).

One of the most relevant efflux pump families in the clinical
context is the RND family, which has been characterized best in
Gram-negative bacteria. These pumps consist of three elements:
an inner membrane pump protein with 12 transmembrane re-
gions and two large periplasmic loops, a so-called membrane fu-
sion protein, and an outer membrane protein that forms a so-
called channel-tunnel. The pump protein is usually trimeric and
appears to work in a rotatory fashion in which individual subunits
become alternately protonated and then engage and subsequently
disengage substrate molecules, possibly capturing them from the
cytoplasmic membrane-periplasm interface. The two halves of the
inner membrane component generally show a very striking degree
of similarity, indicating the probable occurrence of a tandem du-
plication event. The substrates of RND pumps are very diverse and
comprise antibiotics, biocides, toxic fatty acids, bile salts, aromatic
hydrocarbons, inhibitors of fatty acid biosynthesis, detergents,
homoserine lactones, and dyes. The function of the so-called
membrane fusion protein is not well understood but is thought to
operate as a grappling hook to bring the base of the outer mem-
brane channel-tunnel into alignment with the inner membrane
pump. The outer membrane channel comprises a trimeric ar-
rangement of a 12-stranded �-barrel (4 strands from each mono-
mer of the homotrimer) with very long coiled-coil alpha-helical
segments on the periplasmic side which at their base contact the
pump and are thought to open and close at the base through an iris
diaphragm-like uncoiling.

Almost all RND systems are able to pump out multiple antibi-
otics and couple this drug efflux with proton antiport. The two
best-characterized RND pumps are AcrAB-TolC of E. coli (142,
63) and MexAB-OprM of P. aeruginosa (201). However, there are
numerous examples of RND efflux pumps with a demonstrated
role in antibiotic resistance (Table 3).

The best-known role of efflux pumps is their ability to export
antibiotics and other drugs out of bacterial cells. As shown in
Tables 2 and 3, there are many pumps from all five families that
participate in the resistance of human-pathogenic bacteria to clin-
ically relevant antibiotics. However, their ubiquitous nature, be-
ing present in all microorganisms, including pathogens and non-
pathogens, suggests that their evolution and spread occurred
independently of the generalized use of antimicrobials in humans.
Thus, it is highly likely that efflux pumps play an important de-
fensive role against different toxic compounds that bacteria may
encounter in their environment. For example, the natural habitat
of E. coli is the gastrointestinal tract, where bile salts have a signif-
icant presence. Therefore, it is not surprising that the RND pump
AcrAB-TolC displays a high affinity toward bile salts, indicating
that this might be its natural substrate (240). In addition to this

role that facilitates the colonization of the enteric tract, AcrAB also
benefits E. coli cells by conferring resistance to antibiotics (142).
Nevertheless, recent reports described possible alternative roles
for efflux pumps in addition to protection from toxic molecules. A
very interesting function is the possible participation of some ef-
flux systems in the secretion of quorum-sensing signals. For ex-
ample, Lamarche and Déziel (116) showed that MexEF-OprN can
export HHQ (4-hydroxy-2-heptylquinoline), a precursor of the
Pseudomonas quinolone signal (PQS). Additionally, OprM has
been related to the pathogenicity of this microorganism (93). The
BpeAB-OprB efflux pump of Burkholderia pseudomallei was also
essential for the production of quorum-sensing autoinducers as
well as virulence factors like siderophores and phospholipase C,
which are controlled by quorum sensing (31). However, this link
seems to be strain dependent, as a recent study showed no effect of
mutations in BpeAB-OprB on quorum-sensing-related factors in
a different strain (162). Also, the Blt transporter of B. subtilis was
shown to be involved in the efflux of spermidine (262). More
recently, a study of P. aeruginosa showed that the overexpression
of the pump MexCD-OprJ increases the presence of long-chain
fatty acids in the exometabolome, which may indicate that these
are the natural substrates of this transporter (234). All of these
examples suggest that it is possible that drug transporters initially
performed a role in the secretion of physiologically relevant sub-
strates and later proved useful to expel toxic compounds, includ-
ing antibiotics and, possibly, toxic secondary metabolites.

MUTATIONAL RESISTANCE

The spontaneous occurrence of mutations due to error-prone
DNA synthesis instigates the phenotypic variability that drives the
evolution of bacterial populations, enabling them to adapt to pres-
sures posed by the surrounding environment. Thus, depending on
the specific nature of these pressures, different mutations will
prove to be advantageous for the bacterial cells. The selection of
mutations related to antibiotic resistance occurs in this manner.
Although certain changes that confer resistance to antimicrobial
compounds are actually detrimental to the growth and/or viru-
lence of the microbe, in the context of antibiotic therapy, they may
actually be essential for survival and thus will be selected. These
mutations are then transmitted to subsequent generations and
will generally be fairly stable, particularly in the presence of anti-
biotic pressure. Secondary mutations can also accumulate to
reverse any deficits in growth or virulence engendered by the pri-
mary resistance mutation. With this in mind, it is easy to under-
stand the fast and efficient process of artificial selection for resis-
tant mutants brought by less than a century of antibiotic use in
human medicine. Intriguingly, the removal of the selective pres-
sure by resting an antibiotic (i.e., ceasing or decreasing usage in
the clinic) can lead to much lower levels of resistance to that anti-
biotic. However, upon the reintroduction of the antibiotic, resis-
tance levels tend to rebound to those levels occurring prior to the
rest period. There is a growing body of evidence indicating that
mutations affecting the expression or functionality of porins and
efflux pumps have a major role in the increased resistance of clin-
ical isolates.

Resistance Due to Mutations in Porin-Encoding Genes

The bacterial cell envelope is an effective semipermeable barrier to
substances present in the environment. This is especially the case
for Gram-negative organisms, which possess not only a cytoplas-
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mic membrane but also an outer membrane consisting of an inner
layer of phospholipids and an outer layer of lipopolysaccharides.
In order to enter the cell, antibiotics need to overcome the outer
membrane barrier, which can occur through three different
mechanisms depending on the specific type of antimicrobial (83).
The major route of entry for hydrophilic antibiotics is through the
water-filled channels formed by outer membrane proteins. There-
fore, the number and type of porins possessed by a cell will deter-
mine the permeability and, consequently, the antibiotic suscepti-
bility or resistance of the microorganism. For instance, P.
aeruginosa and A. baumannii, which are both known for their high
levels of resistance to antimicrobials, have low membrane perme-
ability, which underpins their general (intrinsic) resistance to
many antibiotics. Thus, mutations affecting the expression and/or
function of porins have a direct impact on the susceptibility of
bacteria to antimicrobials. These mutations can have different ef-
fects, such as (most commonly) porin loss, a modification of the
size or conductance of the porin channel, or a lower expression
level of a porin (Fig. 1). However, all of these changes result in a
limited, substantially slower diffusion of the antimicrobial into
the cell and, consequently, reduced bacterial killing. In particular,
porin-related mutations can substantially influence resistance to
�-lactams, fluoroquinolones, tetracycline, and chloramphenicol.

The impact of the loss of porin on antibiotic resistance has been
known for decades. One of the earliest examples is the involve-
ment of the OmpF porin from E. coli in resistance to �-lactams,
which was determined in 1981 (84). Since then, porins involved in
antibiotic resistance have been identified in many bacterial species
(Table 1). In some cases, antibiotic-resistant strains display a com-
plete loss of one or more porins. For example, a lack of the basic
amino-acid-selective outer membrane porin OprD in P. aerugi-
nosa carbapenem-resistant clinical isolates can be due to a point

mutation leading to an early termination of translation, a deletion,
or the presence of an insertion element within the porin-encoding
gene (218, 261) or can be due to regulatory mutations (110, 187).
Point mutations in the promoter region that result in a lower level
of transcription are another cause of porin loss. For instance, an
Enterobacter cloacae isolate resistant to ertapenem, which ap-
peared to lack the porin OmpF according to SDS-PAGE analysis,
carried a mutation in the promoter that led to a 20-fold reduction
in the expression level of the ompF gene (54).

However, not all resistant isolates display an apparent reduction
in the expression level of porins, and in this case, resistance can be
due to mutations that affect the proper function of porins. For
instance, it is well known that certain mutations in loop 3 of dif-
ferent porins result in increased resistance to antibiotics. As men-
tioned above, loop 3 dips into the interior of the channel to form
the constriction zone and thus participates in the electrostatic field
and the narrowest part of the channel within the pore lumen
(108). This has a direct impact on the transport of molecules
across the porin channel. For instance, a G-to-D mutation in loop
3 of the OmpF/OmpC-like protein of Enterobacter aerogenes leads
to a loss of conductance of the pore and, as a result, to decreased
susceptibility to �-lactams (48). Similarly, mutations in loop 3 of
the porin PIB of Neisseria gonorrhoeae confer resistance to peni-
cillin and tetracycline in strains that simultaneously overexpress
an efflux pump due to an mtrR mutation (189, 190). In Vibrio
cholerae, a D116A mutation in OmpU, which was predicted to be
an antibiotic binding site, leads to increased resistance to cepha-
losporins (193). On the other hand, imipenem binding in P.
aeruginosa OprD necessitates the presence of intact loops 2 and 3
(185), while external loops 5, 7, and 8 served to constrict the OprD
channel entrance and prevent the nonspecific passage of antibiot-
ics (96). Mutations in the constriction zone reduced the passage of

FIG 1 Examples of different mechanisms of acquisition of mutational resistance associated with porins. The blue circles represent the antibiotic molecules, and
the red cross indicates that the antibiotic cannot cross the outer membrane. Abbreviations: IM, inner membrane; OM, outer membrane; PP, periplasmic space.
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cefotaxime and other �-lactams through the OmpC channel of
several resistant E. coli isolates (138).

A third type of mutation includes those affecting the regulatory
proteins that control the expression of porin-encoding genes. For
instance, the ompB operon, which contains the genes ompR and
envZ, is known to regulate the expression of OmpC and OmpF in
E. coli (204). Jaffe et al. (99) described the identification of spon-
taneous cefoxitin-resistant mutants of E. coli with mutations in
ompB. In addition to the ompB locus, many other proteins, like
Rob, SoxS, and MarA, and small RNAs, like micF, are known to
participate in the regulation of the transcription of porin genes
(49). Potentially, mutations in any of these loci could lead to
changes in porin expression and, consequently, changes in antibi-
otic resistance. Another example is the lower level of expression of
the porin OprD of P. aeruginosa following the occurrence of mu-
tations that constitutively activate the ParRS two-component sys-
tem, which is necessary for the downregulation of this porin in the
presence of certain antimicrobial peptides (169), while a variety of
other regulatory mutants exist, including nfxC mutations that up-
regulated the efflux pump MexEF-OprN while downregulating
OprD (110, 186, 187).

Some studies have demonstrated the selection of bacteria car-
rying mutations in porin-encoding genes during antibiotic ther-
apy or under laboratory conditions mimicking an antimicrobial
treatment regimen. For example, E. coli isolates from a patient
undergoing treatment with several antimicrobials showed
changes in the OmpC protein that resulted in four different vari-
ants, all of which conferred increased resistance to cefotaxime
(138). Likewise, Oteo et al. (192) described the recovery of three
consecutive isolates of E. coli from a patient treated with ertap-
enem. The first isolate was susceptible to carbapenems, whereas
the second one was resistant to imipenem due to the loss of the
OmpF and OmpC porins. Interestingly, the third E. coli isolate
recovered the susceptible phenotype. In vitro experiments of ex-
posure to antibiotics showed similar results. For example, the ex-
posure of P. aeruginosa strains to meropenem under laboratory
conditions selected carbapenem-resistant cells via the loss of the
porin OprD (88), while this mutant or the regulatory mutant in-
fluencing OprD and efflux expression are commonly found in the
clinic during intensive imipenem therapy of P. aeruginosa infec-
tions (68, 140).

Mutational resistance related to porin changes can be linked to
the stepwise increase in the resistance of pathogens and is thought
to participate in the phenomenon of MIC creep (60). Thus, the
loss of any particular porin generally has only a minor to moderate
effect on the overall resistance of the microorganism, leading to
low-level resistance. However, the accumulation of a sequence of
independent mutational events affecting various resistance mech-
anisms can gradually confer increasing resistance to the bacterium
until it acquires high-level resistance. For this reason, it is fairly
common to observe bacterial strains in which the effect of the loss
of porin is enhanced by additional mechanisms. For example, Ser-
ratia marcescens meropenem-resistant strains overproduce AmpC
�-lactamase and lack the porin OmpF (237). Similarly, carbap-
enem-resistant Klebsiella pneumoniae and E. coli strains with car-
bapenemases can also show a lack of certain outer membrane
proteins (79, 117). In K. pneumoniae, resistance to ciprofloxacin
has been related to mutations in gyrA, parC, and ompK35 in what
appears to be a multistep process of resistance acquisition (35).
Another clear example is a P. aeruginosa carbapenem-resistant

isolate that carried an integron harboring a �-lactamase gene,
overexpressed two efflux pumps, and lacked OprD (146). A recent
study also described E. coli clinical isolates that were resistant to
cefpirome and cefepime, lacked OmpC and OmpF, and, at the
same time, displayed increased levels of production of the TEM-1
or OXA-1 �-lactamase (18).

Overall, mutations that lead to the loss, downregulation, or al-
teration of porins have a direct impact on resistance by limiting
the rate at which an antibiotic can enter the cell and thus enhance
the influence of secondary resistance mechanisms (efflux and deg-
radative enzymes like �-lactamases, etc.) that take advantage of
the lower rate of antibiotic uptake. There is evidence that these
mutations may occur throughout the course of therapy in the
clinic. As a result, monitoring the occurrence of these changes in
bacterial isolates will be helpful to predict evolution toward a re-
sistant phenotype.

Mutational Resistance Related to Efflux Pumps

The possession of active multidrug efflux pumps contributes to
the intrinsic resistance of a bacterial pathogen. The occurrence of
a mutational event leading to an increased expression level of a
given pump will inevitably result in the acquisition of even greater
resistance to all of the antibiotic substrates of that pump. In some
cases, these mutations cause amino acid changes that make a
pump more efficient at extruding the antibiotics out of the cell.
For instance, Vettoretti et al. (252) described an F1018L substitu-
tion in MexY, an RND transporter of P. aeruginosa, which in-
creased resistance to aminoglycosides, fluoroquinolones, and the
�-lactam cefepime, mediated by the MexXY efflux pump. Nota-
bly, this mutation was present in clinical isolates from cystic fibro-
sis (CF) patients. Another interesting phenomenon was observed
for Salmonella enterica serovar Typhimurium, in which the pres-
ence of the IS1 or IS10 insertion element in the promoter region
upstream of the genes encoding the AcrEF pump enhanced the
transcription of this operon, thereby conferring resistance to fluo-
roquinolones (191). Nonetheless, the vast majority of mutations
affecting antibiotic export by efflux systems occur in genes encod-
ing proteins with a regulatory function.

The overexpression of efflux systems is frequently associated
with a loss of fitness and virulence properties. For example, mu-
tants of P. aeruginosa overexpressing the RND transporters
MexAB and MexCD are less able to survive in water, show a re-
duced level of production of proteases and phenazines, and are
less virulent than the wild type in a worm model (220). Conse-
quently, mutations that increase the expression levels of efflux
pumps are largely advantageous in the presence of antibiotics. For
this reason, microorganisms need to ensure that genes encoding
efflux pumps are expressed only when necessary, and therefore,
their expression is tightly regulated by both local and global regu-
lators.

Local regulators of efflux pumps. The genes coding for efflux
pump components are often linked to a regulatory gene, the prod-
uct of which may exert a repressor or activator role. There are
good examples of this among the P. aeruginosa Mex efflux pumps
(Fig. 2). For instance, resistant strains with the nalB phenotype,
which display increased resistance to �-lactams, were found to
display an enhanced transcription of the RND system MexAB-
OprM (208). This overexpression was due to mutations in the
gene located adjacent to the mexAB-oprM operon in the chromo-
some, mexR, which encodes a repressor of the MarR family (126).
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Even a single-base substitution in mexR can suffice to produce a
resistant phenotype (202). Conversely, an insertion of the IS21
element in the mexR gene was identified in a clinical strain that was
resistant to ticarcillin and aztreonam (24). Mutations in nalB have
been found quite often in resistant clinical isolates, in particular in
those from patients who had been treated with �-lactams (134,
272). The efflux pump MexCD-OprJ is similarly regulated by the
product of the nfxB gene, which is adjacent to but in an opposite
orientation from the operon encoding the pump components
(188). nfxB mutants were first isolated due to their norfloxacin-
resistant phenotype and also displayed hypersusceptibility to
�-lactams and aminoglycosides (92). The �-lactam susceptibility
phenotype was later shown to be caused by a reduced level of
production of �-lactamase (155). The overexpression of MexCD-
OprJ has deleterious consequences for bacterial fitness in infec-
tions, reducing characteristics such as siderophore, protease, and
phenazine production; cytotoxicity; motility; and, very signifi-
cantly, virulence (220, 234). In spite of these clear disadvantages,
nfxB mutants are readily selected following exposure to fluoro-
quinolones, azithromycin, and even biocides like triclosan both in
vitro and during clinical therapy (37, 100, 168). Another regulator
is MexZ, which belongs to the TetR family and normally represses
the transcription of the mexXY genes by binding to the mexZ-
mexX intergenic region (157, 264). Mutations in MexZ have been
found to participate in the acquisition of moderate aminoglyco-
side resistance in CF isolates of P. aeruginosa (256) and may be a
significant cause of impermeability-type aminoglycoside resis-
tance, which occurs in 10% or more of patients treated extensively
with aminoglycosides.

In contrast to the examples described above, the transcription
of the operon encoding MexEF-OprN, briefly mentioned above, is

subject to activation instead of repression. This positive regulation
is mediated by the LysR-type regulator MexT, encoded by the gene
immediately upstream of mexEF-oprN (109). Strains that over-
produce the MexEF-OprN efflux pump are called nfxC-type
strains, because of their resistance to norfloxacin. In many cases,
this phenotype is due to mutations that result in the activation of
MexT, which is normally inactive in certain Pseudomonas strains,
including laboratory strains, due to the insertion of 8 nucleotides
within the mexT open reading frame (ORF) (152). In addition
to resistance to fluoroquinolones, chloramphenicol, and tri-
methoprim, nfxC mutants typically exhibit decreased susceptibil-
ity to imipenem due to the downregulation of the porin OprD (67,
68). Another characteristic of these mutants is their greater sus-
ceptibility to several �-lactams and aminoglycosides, which might
be related to some extent to the downregulation of the mexAB-
oprM operon observed for these mutant strains (153). Interest-
ingly, Sobel et al. (230) observed that the mutation of the mexS
(PA2491) gene, which is under the transcriptional control of
MexT and codes for an oxidoreductase, leads to an nfxC-like phe-
notype. Moreover, some studies of clinical isolates indicated that
additional unidentified genes may be responsible for this pheno-
type (135). Mutants of the nfxC type have been isolated in the
clinic, but they are not very common. The most likely explanation
for this is their reduced virulence (102, 109, 111), together with the
fact that these mutations appear to be less effective at engendering
antibiotic resistance in vivo than they are under laboratory condi-
tions (77).

Local regulators of efflux pumps have also been demonstrated
to be important for the acquisition of mutational resistance in
microorganisms other than P. aeruginosa. For instance, mutations
in the regulatory proteins AdeR and AdeL from the opportunistic

FIG 2 Schematic representation of the complex pathways that regulate the expression of the Mex efflux systems and the porin OprD in P. aeruginosa. Red and
blue arrows represent activation and repression, respectively. Abbreviations: AG, aminoglycosides; AMPs, antimicrobial peptides; BL, beta-lactams; CA, car-
bapenems; CI, ciprofloxacin; CM, chloramphenicol; CP, cationic peptides; EM, erythromycin; FQ, fluoroquinolones; ML, macrolides; NB, novobiocin; TC,
tetracycline; TI, ticarcillin; TM, trimethoprim; IM, inner membrane; OM, outer membrane; C4-HSL, N-butyryl-L-homoserine lactone; ROS, reactive oxygen
species.
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pathogen A. baumannii result in increased antibiotic resistance
due to the overexpression of the AdeABC and AdeFGH pumps,
respectively (42, 91). Other regulators include AcrR from E. coli
and S. enterica, a repressor of the AcrAB pump, and SmeT from
Stenotrophomonas maltophilia, which represses the expression of
SmeDEF (219). This tight regulation also exists in Gram-positive
bacteria. This is the case for the novel transporter MepA of S.
aureus, a member of the MATE family, which is regulated by the
product of an adjacent gene, MepR, encoding a MarR family tran-
scriptional regulator (159). MepR acts as a negative regulator of
the mepRAB operon, and mutations in mepR lead to the overex-
pression of the efflux pump, thereby conferring low-level resis-
tance to tigecycline.

Global regulatory pathways. In addition to local regulators, the
expression of efflux systems is also under the control of global
regulatory pathways. For instance, the regulation of the MexAB-
OprM pump of P. aeruginosa is fairly complex and involves regu-
lators other than MexR. Indeed, clinical strains with mexAB-oprM
overexpression without any alteration in the sequence of the mexR
gene have been isolated (232). To date, two additional genes have
been found to enhance the transcription of mexAB-oprM upon
mutation. So-called nalC mutants are mutated in a TetR-type
transcriptional regulator encoded by PA3721 (28). This causes the
overexpression of the PA3719-PA3720 operon, which is generally
repressed by the product of PA3721 (28). Indeed, the overexpres-
sion of the gene PA3719 in a high-copy-number plasmid in a
wild-type strain leads to a nalC phenotype. More recently, it was
demonstrated that the product of the armR (PA3719) gene binds
to and associates with MexR in vivo, reducing its suppression of
mexAB-oprM expression (44). Multidrug resistance via MexAB-
OprM overexpression can also occur due to mutations in nalD,
which encodes a TetR family repressor (230), and nalD mutations
have been observed for P. aeruginosa clinical strains.

In the Enterobacteriaceae, the best-studied example of an efflux
pump under the control of a complex global regulatory network is
AcrAB, which is present in several species, including E. coli, S.
enterica, and K. pneumoniae, among others. In E. coli, the acrAB
genes are located next to the regulator-encoding gene acrR, which
exerts a negative control over its expression. Additionally, the pos-
itive regulator MarA also plays a major role in governing acrAB
expression (8). The gene encoding this regulator is located in the
three-gene marRAB locus, named after its role in multiple-antibi-
otic resistance. The product of marR is a repressor of the mar
operon, and consequently, mutations in this gene promote the
overexpression of the AcrAB efflux pump, leading to multidrug
resistance. Mutations in the mar locus have been identified in
fluoroquinolone-resistant clinical isolates (145). In addition to
these direct regulators, mutations in the mppA gene, which en-
codes a murein peptide binding protein, also led to increased ex-
pression levels of MarA with the consequent overproduction of
AcrAB and reduced expression levels of the porin OmpF (127).
The exact mechanism for this effect of MppA on marA transcrip-
tion has not yet been determined. The mar locus is also part of a
stress response regulon that involves regulation by the positive
regulators encoded by sox and robA. Thus, mutations in these
genes also influence the expression of acrAB (8). In K. pneumoniae
and S. enterica, the expression of acrAB is governed by an addi-
tional global regulator, RamA (217, 267). In Salmonella, field iso-
lates carrying mutations in the regulatory region of ramRA or an
insertion in soxR, increasing the expression levels of ramA and

soxS, respectively, displayed increased resistance to fluoroquino-
lones (104).

The expression of efflux pumps and, consequently, antibiotic
resistance can also be under the control of quorum-sensing sig-
nals. This is the case for the AcrAB pump of E. coli, which is
regulated by the quorum-sensing-dependent protein SdiA, a cell
division regulator (207). Links between quorum sensing and ef-
flux pumps have also been found for MexAB-OprM of P. aerugi-
nosa (153, 223) and BpeAB-OprB of B. pseudomallei (31). Also, in
P. aeruginosa, the expression of the MexEF-OprN transporter de-
pends on the global regulator MvaT, which participates in the
quorum-sensing circuits and regulates processes such as biofilm
formation, swarming motility, and the production of virulence
factors (52). A recent study revealed that mutations in mvaT pro-
mote the expression of the mexEF-oprN operon, which leads to
resistance to several antibiotics (260). However, the clinical rele-
vance of this type of mutation has yet to be determined.

Another important class of regulator is the two-component
systems, which are crucial for the rapid fine-tuning of bacterial
responses to changes in the environment surrounding the mi-
crobe. Two-component systems also participate in controlling the
expression of efflux pump-encoding genes, and consequently,
mutations in these systems can also mediate the resistance of mi-
croorganisms to antimicrobial compounds. In some cases, the
genes encoding these systems are very specific, and they are lo-
cated near the pump-encoding genes, acting as local regulators.
For instance, the previously mentioned two-component system
AdeRS of A. baumannii acts as a regulator of the adjacent adeABC
operon (91). However, two-component regulators can also exert
an influence on the transcription of efflux pumps encoded by
genes located in separate regions of the chromosome as part of a
more general response. Recently, the ParRS system of P. aerugi-
nosa was identified as an important regulator of resistance to sev-
eral antibiotics in response to the presence of certain antimicro-
bial peptides, including the clinically relevant polymyxins (61,
169). The transcriptional responses mediated by ParRS include
the upregulation of the arn operon, involved in peptide resistance,
as well as the enhanced expression of the MexXY pump and the
downregulation of the OprD porin, which determine susceptibil-
ity to aminoglycosides and imipenem, respectively. Significantly,
the dysregulation of mexXY and oprD occurs independently of
MexZ, the local repressor of MexXY (169). It was further deter-
mined that gain-of-function mutations in ParRS, resulting in the
constitutive activation of this system, conferred resistance not
only to polymyxins but also to aminoglycosides, fluoroquinolo-
nes, and �-lactams. Moreover, the occurrence of this class of mu-
tations was demonstrated in clinical isolates from both CF and
non-CF patients. Another example of a two-component system
linked to efflux is BaeSR from E. coli, which is involved in the
envelope stress response and regulates the expression of the
MdtABC efflux pump (119).

To make matters worse, it is not uncommon to observe clinical
strains carrying several mutations that affect the expression of
efflux pumps. For example, Tomás et al. (242) found several
�-lactam-resistant strains that simultaneously carried mutations
in mexR, nalC, and nalD. This reinforces the concept that the
gradual accumulation of low-impact mutations is a major driving
force of antibiotic resistance in the clinic. Furthermore, consider-
ing the broad range of mutations that affect efflux in bacteria as
well as their impact on resistance to a range of different com-

Fernández and Hancock

670 cmr.asm.org Clinical Microbiology Reviews

http://cmr.asm.org


pounds, this accumulation is doubtless decisive in the evolution of
multidrug resistance in pathogens. Therefore, the ability to pre-
vent the action of pumps would represent an effective way of tack-
ling this phenomenon, as we discuss below.

ADAPTIVE RESISTANCE

Microbes can alter their transcriptome very rapidly in response to
changes in the surrounding environment, thereby increasing their
chances of survival. Some of these modifications confer to the
bacterium a greater ability to withstand an antimicrobial chal-
lenge. There are many environmental cues that can lead to the
temporary acquisition of resistance to a given antibiotic, including
ion concentrations, temperature, and, very importantly, exposure
to nonlethal doses of antimicrobials (59). It is becoming increas-
ingly clear that the adaptations that bacterial cells undergo during
the infection, together with repeated and/or prolonged exposure
to antimicrobials throughout treatment, provide one explanation
as to why apparently sensitive strains often cannot be efficiently
eradicated in the clinic with antimicrobial therapy. Also, both
adaptive and low-level mutational resistances are very good can-
didates for participating in the phenomenon of the upward creep-
ing of baseline MICs over time. For all these reasons, adaptive
resistance is attracting considerable attention and becoming the
subject of numerous studies. As mentioned above, the expression
of genes encoding porins and efflux pumps is finely regulated in
order to respond to certain signals, thereby altering the resistance
of a bacterium depending on the growth conditions. This is par-
ticularly relevant if these triggers include the conditions found by
the microorganism inside the host or the doses of antibiotics en-
countered during therapy.

Porins and Adaptive Resistance

There are several examples whereby exposure to antibiotics regu-
lates the expression of porins and, in consequence, the permeabil-
ity of the cell envelope. For instance, the exposure of E. coli cells to
chlortetracycline or tetracycline leads to the downregulation of
numerous porins (132, 269). In a similar fashion, subinhibitory
concentrations of the benzodiazepine drug diazepam promote the
development of adaptive multiresistance in E. coli and K. pneu-
moniae by depleting porin expression and inducing efflux systems
(238). This phenotype led to decreased susceptibility to norfloxa-
cin, chloramphenicol, tetracycline, nalidixic acid, and �-lactams.
Likewise, Moraxella catarrhalis responds to exposure to amino-
penicillins by reducing the expression level of the porin M35, con-
sequently developing adaptive resistance to these antibiotics
(101). M35 is also regulated by temperature, being downregulated
during growth at 26°C or 42°C compared to growth at 37°C, as
well as by osmotic stress and iron limitation. Adaptation to the
biocide benzalkonium chloride in E. coli resulted in a reduced
presence of several OMPs, such as OmpA, OmpF, and OmpT
(23). The authors of that study observed that this conferred in-
creased tolerance to not only this quaternary ammonium com-
pound but also antibiotics such as chloramphenicol, ciprofloxa-
cin, nalidixic acid, ampicillin, and cefotaxime. In Serratia
marcescens, the presence of the two major porins OmpF and
OmpC varies according to osmotic stress, temperature, pH, and
added salicylate (19). Salicylate is known to induce a multiple-
antibiotic-resistance phenotype in E. coli by promoting the ex-
pression of the marRAB operon (5).

The number and type of porins in the outer membrane of a

bacterial cell determine its ability to allow nutrient uptake as well
as its susceptibility to toxic compounds. With this in mind, it is not
surprising that the expression of genes encoding porins is well
orchestrated by regulatory pathways that, in some cases, are coor-
dinated with stress networks. A good example of this is the regu-
lation of the porins OmpC and OmpF of E. coli. OmpF has a
somewhat larger pore size than OmpC; therefore, the relative pro-
portions of these two proteins have a dramatic impact on the type
and amount of solutes that can enter the cell. Thus, when the
environment surrounding the bacteria has low osmolarity, there is
a considerable increase in the presence of OmpF in the outer
membrane, which facilitates the influx of nutrients. In contrast, in
nutrient-rich environments where the osmolarity is high, e.g., in
vivo, it would be detrimental to express a high level of OmpF,
which would allow toxic compounds to enter the cell. Therefore,
under high-osmolarity conditions, there is a downregulation of
OmpF and an upregulation of OmpC, leading to increased resis-
tance to �-lactams. This response is mediated by the two-compo-
nent regulator OmpR-EnvZ (82). Other environmental signals,
like high temperature, oxidative stress, or salicylate, modulate the
expression of porins via the upregulation of the antisense RNA
micF, which diminishes OmpF translation (15, 55). Acidic pH is
another condition that increases OmpC levels while decreasing
OmpF levels.

A study by Viveiros et al. (255) analyzed the responses of E. coli
to tetracycline exposure. This work showed that the cells initially
undergo stress responses mediated by the global regulators MarA,
SoxS, and Rob, which regulate the expressions of OmpC and
OmpF. However, this early response is followed by a long-term
adaptation in which MarA works together with MicF and OmpX,
but not SoxS and Rob, to downregulate OmpC and OmpF expres-
sion. OmpX is an outer membrane protein that is expressed in an
inverse manner relative to the expression of other porins (55).
This appears to be because OmpX production saturates the chap-
erones necessary for the folding of porins, causing other unfolded
porins to be degraded by DegP proteases (255). The expression of
OmpX is enhanced upon exposure to different environmental
stresses, including antibiotics like fluoroquinolones and novobio-
cin, salicylate, high-ionic-strength buffer, and the chelator dipyri-
dyl (56). Additional studies indicated that the cascades that regu-
late porin expression in E. coli may be even more complex than
this, involving numerous regulatory proteins and sRNAs, depend-
ing on the specific environmental signal involved (29).

Adaptation Mediated by Efflux Pumps

Certain environmental conditions, including exposure to antimi-
crobial compounds, have an impact on the expression of efflux
systems. The differential expression of genes encoding efflux
pumps due to changes in the extracellular milieu reflects the im-
portance of these systems for the adaptation of microorganisms to
their surroundings. In particular, in the case of pathogens, this is
an indication that efflux pumps may play a role in survival within
the host. A clear example is the NorA pump of S. aureus, which was
recently found to be regulated by iron availability (51). This reg-
ulation was mediated by the regulatory protein Fur, and induction
could be repressed by the addition of FeCl3 to the growth medium.
Moreover, the authors of that study suggested that NorA, which
confers low-level resistance to several antibiotics, may also partic-
ipate in the secretion of siderophores, which might be its natural
function. As another example, in S. aureus, resistance to moxi-
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floxacin can be acquired by the upregulation of NorB during
growth at a low pH (244). This regulation is exerted via the nega-
tive regulator MgrA, which must be in a phosphorylated form to
be active in preventing norB transcription. When the pH is low,
the levels of phosphorylated MgrA decrease considerably, hence
the resistant phenotype.

In the Gram-negative pathogen A. baumannii, the expression of
several efflux pumps varies depending on the concentration of
NaCl (95). Thus, physiological NaCl concentrations increase re-
sistance to antibiotics such as levofloxacin and amikacin through
the upregulation of efflux pumps, which could be demonstrated
because this response could be suppressed by using an efflux
pump inhibitor (EPI). NaCl, as well as ethanol, can also induce the
expression of the E. coli pump AcrAB in a process that does not
involve the participation of the regulator AcrR (141). The pres-
ence of oxidative compounds is another factor that contributes to
the dysregulation of efflux pump expression. Thus, the aminogly-
coside pump MexXY of P. aeruginosa is induced by reactive oxy-
gen species (ROS) via the product of the gene PA5471 (65). This is
relevant to infections because the microorganism will encounter
ROS, e.g., during infections of the CF lung. On the other hand, the
RND efflux system AcrAB of S. enterica serovar Typhimurium
demonstrates a higher level of expression in response to indole
and paraquat (180). Indeed, the biological oxidant indole elicits
the expression of four pumps from this pathogen, namely, AcrAB,
AcrD, MdtABC, and RmrAB. In the case of AcrAB, indole exerts
this action via the induction of RamA, which in turn is induced by
RamR (179). In contrast, paraquat relies on another regulator,
SoxS, and not RamA for the activation of the acrAB operon. Like-
wise, RamA was not required for the induction of acrAB expres-
sion by bile salts (180). The complex regulation of AcrAB, which is
induced through different pathways depending on the specific
environmental signal, is further complicated due to its regulation
by the mar locus. In fact, MarA is necessary for the upregulation of
acrAB and the acquisition of resistance to ciprofloxacin upon ex-
posure to salicylate (85). Salicylate also leads to ciprofloxacin re-
sistance in Campylobacter jejuni by preventing the binding of the
repressor CmeR to the promoter of the cmeABC operon, which
codes for an efflux system (226). Moreover, salicylate facilitated
the selection of ciprofloxacin-resistant mutants in this pathogen.

As was the case with porins, antimicrobials play a very impor-
tant role in the induction of adaptive resistance by the overexpres-
sion of efflux systems. Indeed, when bacteria become exposed to
subinhibitory concentrations of the antibiotic during therapy,
which can easily happen if antibiotics are misused, cells will not be
killed and, moreover, will become more resistant to a subsequent
antibiotic challenge. In that sense, it is worth highlighting the dan-
gers associated with the overuse of biocides, which are increasingly
being related to the acquisition of both adaptive and mutational
resistances that can affect clinically relevant antibiotics. For in-
stance, chlorhexidine upregulates the genes encoding the MexCD
pump of Pseudomonas in a process dependent on the activity of
the regulator AlgU (64). Another example is the induction of mul-
tiresistance in S. maltophilia by exposure to triclosan, which binds
to the repressor protein SmeT, thereby releasing it from its oper-
ator upstream of the smeDEF operon (89). The use of antibiotics
in the clinic also poses dangers with regard to adaptive resistance.
In Streptococcus pneumoniae, for instance, exposure to antimicro-
bials promotes the expression of various efflux pumps. For in-
stance, fluoroquinolones upregulate the ABC transporters PatA

and PatB and confer resistance to norfloxacin, ciprofloxacin, and
levofloxacin (58). The same effect was observed by incubating S.
pneumoniae cells in the presence of another DNA-damaging
agent, mitomycin C. The authors of that study explained that this
phenomenon was likely related to the induction of the compe-
tence pathway, as part of a global response to DNA damage. Ad-
ditionally, in S. pneumoniae, the efflux system mef(E)-mel, located
on the small mobile genetic element MEGA (macrolide efflux ge-
netic assembly), is induced by macrolides and antimicrobial pep-
tides (33, 268). In the case of macrolides, induction was dependent
on the amino sugar attached to the C-5 of the macrolide lactone
ring but not on the size of the ring. Thus, macrolides with a mono-
saccharide, but not those with a disaccharide, enhanced mef(E)
expression. The upregulation of this system leads to resistance to
14- and 15-membered macrolides, which include clinically im-
portant macrolides such as erythromycin, azithromycin, and cla-
rithromycin (33). The fact that LL37 can also induce macrolide
resistance through this mechanism is concerning, as this peptide is
part of the human host defense system (268). Erythromycin also
has the ability to induce adaptive resistance in Burkholderia pseu-
domallei and Staphylococcus by upregulating the expression of the
efflux pumps BpeAB-OprB and MsrA, respectively (31, 213). In P.
aeruginosa, the acquisition of adaptive resistance to aminoglyco-
sides has been known for decades. Indeed, this knowledge has
been essential for the design of improved therapeutic regimens,
which now involve the administration of a higher dose with a
lower frequency within the range permitted by toxicity risks (16,
45). To a large extent, this adaptive phenotype is due to the ami-
noglycoside-induced expression of the genes encoding the MexXY
efflux pump, which varies according to the aminoglycoside con-
centration (94). This pump has also been shown to be involved in
the antagonism between divalent cations and aminoglycosides
(147). The induction of mexXY by aminoglycosides requires the
upregulation of the gene PA5471, which in turn inhibits the re-
pressor MexZ (65).

The overexpression of efflux pumps is also involved in the com-
plex resistance mechanisms displayed by bacteria in the biofilm
state. Several examples of this have been observed for P. aerugi-
nosa. A very interesting case is the ABC transporter encoded by the
PA1875-PA1876-PA1877 operon. Mutants in this pump exhib-
ited a susceptible phenotype for different antibiotics, such as gen-
tamicin, tobramycin, and ciprofloxacin, which was specific to bio-
films, whereas planktonic cells had resistance levels similar to
those of the wild-type strain (271). The authors of that study dem-
onstrated that this was due to the upregulation of the PA1875-
PA1876-PA1877 genes in biofilm-forming cells. The exposure of
biofilms to antibiotics also contributes to the development of
adaptive resistance; in some cases, the molecular mechanisms in-
volved differ from those of planktonic cells. For example, a chal-
lenge of P. aeruginosa biofilms with colistin triggers the adaptation
of the upper layers of the biofilm through the overexpression of
the lipopolysaccharide (LPS) modification (arn) operon as well as
the efflux pump mexAB-oprM (194), both of which were proposed
to be necessary for acquired resistance to colistin. The deeper lay-
ers of the biofilm, however, lacked the capacity to develop this
response and remained sensitive to colistin. For this reason, Pamp
et al. (194) strongly recommended the use of combined therapy
for the treatment of biofilm-related infections. Also, Gillis et al.
(74) described the importance of the MexAB-OprM and MexCD-
OprJ efflux pumps for the growth of P. aeruginosa biofilms in the
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presence of the macrolide azithromycin. Thus, while mexAB-
oprM showed constitutive expression independently of antibiotic
exposure, mexCD-oprJ overexpression was dependent on azithro-
mycin. Interestingly, this induction was observed only in biofilms
and not in planktonic cells.

It is clear that the dysregulation of porins and efflux pumps in
response to external cues, including antimicrobials, is an impor-
tant mechanism for the acquisition of adaptive resistance. Thus,
microorganisms can transiently increase their ability to withstand
the presence of antibiotics by limiting the entry of antibiotics into
the cell or by expelling them more efficiently. Considering this, it
is essential to determine which conditions may trigger this phe-
nomenon during the course of infection in order to minimize the
risk of therapeutic failure.

IMPACT OF PORINS AND EFFLUX PUMPS ON THERAPY

Given the importance of efflux pumps and porins in the acquisi-
tion of resistance to antimicrobials in bacterial pathogens, the de-
velopment of strategies that reverse these mechanisms would have
a direct impact on therapeutic success. Indeed, efflux pumps
themselves have become antimicrobial targets in their own right
and are the subject of substantial interest in the drug development
industry. At a time when few new antibiotics are being introduced
and bacteria can display very high levels of antibiotic resistance,
the possibility of finding new ways of making antibiotics more
efficacious, by overcoming resistance mechanisms, provides new
challenges.

Outer Membrane Permeabilizers

The loss or downregulation of porins results in a reduced perme-
ability of the outer membrane. As a result, when resistance is ac-
quired by this mechanism, the use of compounds that can increase
outer membrane permeability would highly facilitate the penetra-
tion of the antibiotic into the bacterial cell and increase suscepti-
bility. Thus, combined therapy with an antibiotic and a permea-
bilizing agent would be more successful in eradicating an infection
than the administration of the antibiotic alone. Some of the best-
characterized classes of permeabilizers include chelators, polyca-
tions such as cationic antimicrobial peptides and polymyxin B
nonapeptide (PMBN), cholic acid derivatives, and squalamine de-
rivatives (105, 222, 250). Cationic peptides are a very attractive
option due to their additional activities as immune modulators,
antimicrobials, and antibiofilm agents. Their impact on outer
membrane permeability is due to their mechanism of interaction
with the outer membrane component LPS as part of their self-
promoted uptake into cells. Thus, these peptides interact with the
outer membrane at the site where LPS is cross bridged by divalent
cations, since the polycationic peptides have a higher affinity for
these sites than the native divalent cations (usually Mg2� and
Ca2�). This causes local outer membrane perturbation and per-
meabilization and enables the uptake of the peptides and other
antimicrobials through the disturbed outer membrane (83). The
effectiveness of such polycations has been observed for various
bacteria, including E. coli, S. enterica, K. pneumoniae, E. cloacae, P.
aeruginosa, A. baumannii, Proteus vulgaris, and S. marcescens (72,
105, 123, 250). For instance, the polycation polyethyleneimine
(PEI) had an impact on the permeabilities of the outer membranes
of several Gram-negative pathogens, including E. coli, P. aerugi-
nosa, and S. enterica serovar Typhimurium, and increased their
susceptibilities to hydrophobic antibiotics such as clindamycin,

erythromycin, fucidin, novobiocin, and rifampin, even though
PEI did not have bactericidal activity (87). However, this effect
was inhibited by millimolar concentrations of MgCl2. PMBN also
increased the susceptibility of Gram-negative microorganisms to
hydrophobic antibiotics (248). To date, however, these com-
pounds have not been successfully developed for the clinic; for
example, PMBN failed due to toxicity. Synthetic peptides have
also been demonstrated to show synergy with antibiotics such as
the fluoroquinolone ciprofloxacin and the �-lactam carbenicillin
(224).

Interestingly, permeabilizers also potentiated the effects of an-
timicrobials in the eradication of P. aeruginosa biofilms (10). This
could be promising given that the treatment of infections involv-
ing biofilms is extremely difficult. In that sense, a recent study
indicated that the synergy between the aminoglycoside tobramy-
cin and the permeabilizer CSA-13, a cholic acid derivative with
antimicrobial properties, could facilitate treatment of P. aerugi-
nosa biofilms (171). Another compound with permeabilizing
properties is lactic acid, which was shown to be more effective than
EDTA, a chelator, against E. coli O157:H7, P. aeruginosa, and S.
enterica serovar Typhimurium (4). A variety of other permeabi-
lizers has been described (83). Permeabilizers can also enable the
use of new antimicrobial compounds that are not very effective
because of their low ability to enter the cell. For instance, bacte-
riophage endolysin EL188, which was considered to be limited to
Gram-positive pathogens, inhibited P. aeruginosa when combined
with certain outer membrane permeabilizers, in particular EDTA
(25).

Even though permeabilizing agents might provide improved
antibiotic therapy regimens, this would most prominently affect
resistance to hydrophobic and amphipathic compounds. How-
ever, changes in porins largely affect susceptibility to hydrophilic
antibiotics. In that sense, more research is necessary to find strat-
egies that can facilitate the penetration of hydrophilic antimicro-
bial drugs into the cells, e.g., by investigating a broader range of
peptides and mimetics (224), in order to increase the activity of
antibiotics and reduce the selection of resistant strains. Intrigu-
ingly, the permeabilization of bacterial cells also has the potential
to overcome efflux-mediated resistance due to the synergy be-
tween low outer membrane permeability and multidrug efflux.

Negating Efflux Pump Activity

There has been considerable effort directed toward the develop-
ment of compounds that can counteract the effect of efflux pumps
on antibiotic resistance in both Gram-negative and Gram-positive
bacteria. Indeed, efflux systems are now considered important
drug targets for the development of novel therapeutics, although
again, this concept has not yet been translated to the clinic. The
potential usefulness of efflux pump inhibitors (EPIs) for potenti-
ating the activity of antibiotics has been clearly demonstrated in
vitro for different pathogens, including P. aeruginosa, E. coli, A.
baumannii, and S. enterica, among others. The inhibition of efflux
pump activity enables the greater accumulation of drugs inside
bacterial cells, allowing for enhanced killing. Theoretically, this
can be achieved by different mechanisms, such as competition
with the antibiotics for the inner membrane pump component
(the most commonly utilized method), the blockage of the chan-
nel formed in the outer membrane, the inhibition of the energy
source used by the pump, interference with pump assembly, or an
alteration of the transcriptional regulation of the pump-encoding
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genes. Structurally, EPIs are very diverse and have been proposed
to include compounds such as diamines like phenylalanyl-argi-
nyl-�-naphthylamide (PA�N) (MC-207,110), the energy uncou-
pler carbonyl cyanide m-chlorophenylhydrazone (CCCP), globo-
mycin (an inhibitor of the enzyme that processes lipoprotein
precursors), pyridopyrimidines, arylpiperazine derivatives, tetra-
cycline analogs, and quinoline derivatives. In vitro data show that
the lack of efflux activity causes not only lower intrinsic resistance
but also a reduced risk of selection of resistant mutant strains
(137). Furthermore, combined therapy that includes an antibiotic
and an EPI may enhance the activity spectrum of the antibiotic.

The first described EPI was PA�N, which inhibited the activity
of the pumps that contribute mostly to fluoroquinolone resistance
in P. aeruginosa, namely, MexAB-OprM, MexCD-OprJ, and
MexEF-OprN (137). Later, PA�N was also demonstrated to work
by inhibiting RND pumps in other relevant Gram-negative bac-
teria, making this compound broad spectrum. Thus, it potentiates
the activities of macrolides in Haemophilus influenzae and of flo-
rfenicol in E. coli and S. enterica. However, PA�N is not active
against the MFS pumps responsible for fluoroquinolone resis-
tance in Gram-positive bacteria. Interestingly, PA�N, which is a
substrate of efflux pumps, does not affect the efflux of all pump
substrates. This suggests that not all antibiotics bind to the same
residues of the transporter and that this inhibitor exerts its activity
by competing with certain substrates for binding to the pump.
Lomovskaya et al. (137) also demonstrated that the combination
of PA�N and a fluoroquinolone significantly reduced the fre-
quency of selection of resistant bacteria. This is probably due to
the fact that the inhibition of the MexAB-OprM efflux pump de-
creased intrinsic resistance to such a degree that the effect of single
mutations affecting fluoroquinolone resistance was insufficient to
make cells resistant enough to survive at the tested concentrations.
This same phenomenon was demonstrated with similar com-
pounds in a neutropenic mouse model (78, 209). Also, C. jejuni
displayed a 1,000-fold reduction in the emergence of resistant col-
onies when simultaneously exposed to erythromycin and PA�N
(151). PA�N is only one of a large number of candidate com-
pounds active against RND pumps of Gram-negative bacteria. In
contrast to PA�N, other EPIs are quite specific with regard to the
pump that they inhibit. For instance, pyridopyrimidines block the
efflux of all substrates by MexAB-OprM without affecting trans-
port by the other P. aeruginosa RND pumps (174). Another group
of inhibitors comprises semisynthetic tetracycline analogs, which
selectively inhibit tetracycline pumps, the most potent of which is
13-cyclopentylthio-5-OH tetracycline (13-CPTC), a compound
that competitively binds to the TetB pump of E. coli (175). In
Gram-positive pathogens, pumps responsible for fluoroquin-
olone resistance have also been investigated in order to search for
possible inhibitors. One example is INF392, which reduces the
ability of NorA to efflux ciprofloxacin in S. aureus (149).

To search for effective EPIs, Cortez-Cordova and Kumar (41)
pointed out the value of utilizing a strain lacking all efflux pumps
as a background strain for assessing the response of a specific
pump to a given inhibitor candidate without the interference of
the other efflux systems of the bacterium. In their study, those
researchers investigated the activity of PA�N in inhibiting the
AdeFGH pump of A. baumannii by overexpressing this system in
a P. aeruginosa laboratory strain without efflux systems. The iden-
tification of EPI candidates involves not only high-throughput
screening under in vitro conditions but also in silico analysis to

determine the most appropriate directions for the design of new
derivatives. A recent study by Rahman et al. (206) described the in
silico screening of compounds that can inhibit efflux. More spe-
cifically, those authors looked for compounds that were desig-
nated escort molecules, which were able to establish interactions
with antibiotics. The formation of a complex between the escort
and the antibiotic would modulate the activity of efflux pumps.

The results obtained by studies with EPIs indicate that this is a
very promising strategy to overcome multidrug resistance. How-
ever, there are still substantial barriers to their use in the clinic.
Ideally, it would be advantageous to develop broad-spectrum
EPIs, and more experiments are necessary to firmly demonstrate
their efficacy in realistic animal models, especially with target re-
sistant isolates, as well as to evaluate their safety and possible side
effects. An additional concern is the development of resistance to
EPIs themselves. For example, PA�N is known to affect the integ-
rity of the membrane, and therefore, it might induce resistance
mechanisms that can reduce the penetration of certain antibiotics.
Also, the overexpression of EPI-resistant pumps would lead to
resistance. For example, mutants resistant to the EPI reserpine
were selected in S. pneumoniae strains and were caused by the
overexpression of the pump PatA (71). Another important aspect
is the existence of opposite effects on the activities of different
antibiotics. For example, 1-(1-napthhylmethyl)-piperazine po-
tentiates the effect of tetracycline in A. baumannii, but it increases
the resistance of this pathogen to the more clinically relevant an-
tibiotic tigecycline (17). EPIs have contributed substantially to
studies of the involvement of efflux pumps in the resistance of
clinical isolates (50, 125), by demonstrating their ability to reverse
resistance. However, a recent study found that reserpine did not
accurately predict the overexpression of efflux pumps in Staphy-
lococcus (66).

In addition to efflux pump inhibitors, some recent studies have
attempted to design novel strategies to counteract efflux in hu-
man-pathogenic bacteria. For instance, Al-Hamad et al. (6) tested
the use of a polyclonal antibody against the ABC efflux pump
SmrA of S. maltophilia. Thus, when the antibody was combined
with antibiotics of clinical relevance, a decrease in MICs could be
observed. An alternative way of inhibiting pumps is by modulat-
ing their expression. For instance, the nonsteroidal anti-inflam-
matory drug (NSAID) diclofenac led to a downregulation of efflux
systems in S. aureus and decreased resistance to fluoroquinolones
but not to other antibiotics (210). Conversely, an antisense phos-
phorothioate oligodeoxynucleotide against OprM (257) led to the
repression of the transcription of the oprM gene and increased
antibiotic susceptibility.

In-depth studies of the structure and function of efflux pumps
also have the potential to be very useful for developing new anti-
microbials that are not good efflux pump substrates and, as a
result, would be minimally affected by efflux pump overexpres-
sion. For instance, the overexpression of the NorA and PmrA
pumps of S. aureus and S. pneumoniae, respectively, does not af-
fect resistance to certain fluoroquinolones such as levofloxacin,
moxifloxacin, gemifloxacin, gatifloxacin, and garenoxacin. Pre-
sumably, this is due to their increased hydrophobicity, which
allows a very efficient entry of the fluoroquinolones into the
cell or reduces their affinity for pump components. Another
example is tigecycline, a very recent tetracycline-like antibiotic,
which is not recognized by tetracycline-specific efflux pumps
such as TetA-TetD, TetK, and TetM. Also, insights into the
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contribution of pumps to antibiotic susceptibility can be ob-
tained diagnostically. Thus, immunological or quantitative re-
verse transcription-PCR (RT-qPCR) analysis of efflux pump
expression may indicate the presence of an MDR phenotype
and help in the choice of the most appropriate type of therapy.

CONCLUDING REMARKS

The broad use and environmental presence of antimicrobial com-
pounds pose an intense selective pressure on microbes. In such a
milieu, rapid adaptation is key to survival, and bacteria have been
enormously successful in this endeavor. This adaptation involves
several steps, including initially the transient modulation of ex-
pression of multiple genes and proteins that increase the chances
of withstanding antibiotic challenges until normal conditions re-
turn. These transient changes can be stabilized by mutation, and
even small increases in MICs can accumulate, leading eventually
in a stepwise fashion to breakthrough resistance. Among the
mechanisms that bacteria utilize to become more resistant to an-
tibiotics either temporarily or permanently, the modulation of the
influx and efflux of antimicrobials is particularly prominent. On
the one hand, the exposure of bacterial cells to subinhibitory doses
of antibiotics or other environmental cues dysregulates the ex-
pression of porins and/or efflux systems, making the cells able to
survive a subsequent challenge with a higher, normally inhibitory
dose. Conversely, intensive and prolonged exposure to antibiot-
ics, in the context of therapy, can select those cells harboring mu-
tations that decrease permeability by reduced porin expression or
promote the efflux of the antibiotic by pumps.

Given the importance of porins and efflux pumps in the rise of
antibiotic resistance in pathogens, it has become a challenge to coun-
ter their effects. In particular, efflux systems have become the targets
of an exciting group of compounds, designated efflux pump inhibi-
tors. These substances do not need to exert antimicrobial activity but
rather potentiate the effects of clinically relevant antibiotics by inhib-
iting efflux pumps. This makes them potentially useful for the treat-
ment of infections caused by multiresistant organisms due to in-
creased efflux and may also allow, in some cases, the utilization of
lower antibiotic doses. Nevertheless, efflux pump inhibitors are still
the subject of studies to show if they are safe for clinical use and
whether they will represent a clear improvement in therapy. Since
they were first tested in the clinic years ago but have not yet achieved
any notable successes, there is clearly some way to go. Currently, the
main use of efflux pump inhibitors is to study the influence of pumps
on the resistance of clinical isolates. Conversely, there is currently no
specific strategy that has been advanced to counteract the effects of
porin loss or downregulation. To date, permeabilizing agents have
been shown mainly to enhance the action of hydrophobic antibiotics
rather than hydrophilic drugs, which are the usual substrates of
porins. Therefore, the development of new molecules that increase
the permeability of bacterial membranes to hydrophilic compounds
would be very useful as a combination therapy strategy.

Overall, the study of the molecular mechanisms involved in
antibiotic resistance through changes in porins and efflux pumps
will provide a better picture of the processes that bacterial patho-
gens undergo inside the patient. A better understanding of the
mechanisms of resistance should ultimately provide new adjunc-
tive alternatives to improve the efficacy of antibiotic therapy pro-
grams, at a time when the development of new antimicrobial com-
pounds based on the direct inhibition of bacteria is very limited.
Specifically, these studies may help combat multidrug-resistant

strains and infections caused by biofilms, both of which are now a
serious challenge.
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